The main aim of the present study is to develop a new method to recover gold and other precious metals such as copper, silver, etc. with the judicious combination of microwave heating and acid leaching of e-waste samples like printed circuit board of computers, mobiles, electronic devices, etc. In the present study, microwave heating is much required for segregation of melted plastics and metals from e-waste and it also generates high temperature in much lesser time. The investigation basically consists of seven stages, i.e. heating the e-waste using microwave energy, grinding, physical separation of molten plastics and metal slag followed by leaching in nitric acid, leaching in aqua regia for unreacted materials, removing with concentrated nitric acid and washing and purifying the metal deposits. The results obtained from XRD, FESEM-EDAX and TEM studies confirm that precious metals like gold and silver can be obtained with the new method, which is also an environmental friendly approach.
IN the 21st century, the utilization and production of electronic materials, both for business as well as household purposes in both developed and developing countries, have expanded exponentially due to which problems of piling electronic waste (e-waste) are growing everyday. In other words, it creates a huge quantity of waste in the form of obsolete electrical and electronic products (ewaste). Low prices along with new technologies innovation and addition of new features are few reasons for the replacement of electronic products at a quicker rate. E-waste is chemically and physically different from other forms of municipal or industrial waste; it contains both valuable and harmful materials that require special handling and recycling processes to avoid environmental pollution/contamination and hazardous effects on human health 1, 2 . Handling of e-waste is a tedious and challenging task with hazardous effects to all living beings 3, 4 .
Recovering precious metals from e-waste through hydrometallurgical processes 5 along with heating is more attractive economically than other methods.
The recovery of precious metals such as gold and silver from e-waste with leaching processes involves either heating with muffle furnace followed by leaching or plasma method coupled with leaching. There are several publications and presentations on this aspect [6] [7] [8] [9] [10] [11] [12] . However, so far no attempt has been made on the use of microwave energy for segregation of melted plastics and metals from e-waste at lesser time and temperature compared to conventional muffle furnace. Srikant et al. 13 carried out investigations with microwave heating of low grade ilmenite sample for up to 60 min to produce titanium product in the form of titania slag with low rich grade of 76.5%. They also upgraded titania rich slag to the grade of 80-85% from 76.5% with microwave heating after addition of an extra 5% graphitic carbon to low grade titania slag sample 13 . The addition of graphitic carbon played a triple role as reductant, source of heat, as well as the addition of carbon to slag. Such characteristics and products were only achieved with microwave heating but could not be achieved at less time and energy efficiency with either plasma method or with conventional heating method because, plasma method required lot of energy and conventional methods required longer time. Moreover the characteristics were not as perfect as the characteristics of microwave heating. These reasons prompted the present investigation with the effect of judicious combinations of microwave heat treatment and leaching processes on recovery of precious metals from e-waste.
Electronic materials like electrolyte capacitors, batteries, small transformers and plastics were recovered from scrapped printed circuit boards (PCB) of old computers and mobiles. However, some metal wires and epoxy base plates were difficult to recover from circuits. Hence an attempt was made to recover them by using sharp tools like cutters and nose pliers. The PCB samples with integrated chips (ICs) and pogo pins after dismantling/ removal/recovery by cutter, were used as raw materials for our present investigation to extract gold. The ICs and pogo pins removed from scrapped boards were first shredded into fragments of approximately 10 mm × 10 mm and these fragmented samples were finally ground to a fine particle state of approximately 250-300 μm (i.e. 50-60 mesh) in the laboratory.
The following methodologies were used to recover precious metals from e-waste samples.
Around 20 kg of ground PCBs (e-waste materials) was kept in a quartz container and mixed with 500 g of silicon carbide powder (with 400 mesh size). The silicon carbide powder in crushed PCB acts as a coupling agent and hence accelerates microwave heating. Some metal oxides present in crushed samples are basically low loss factors and hence poor receptors to microwave heat treatment.
But once the carbon component is added, it acts as a good receptor to microwave heat treatment 14, 15 . The arrangement of microwave heat treatment is shown in Figure 1 . The sample with 3 KW (i.e. 1.5 KW both vertically as well as horizontally) produces a temperature of around 1100°C. The presence of silicon carbide (SiC) susceptor further enhanced the heating process rapidly directly or indirectly [14] [15] [16] [17] , due to which the temperature reached the range 1450-1600°C. An adequate argon gas (inert gas) pressure as shown in Figure 1 , was maintained for the microwave sintering furnace to avoid any type of oxidation reaction [15] [16] [17] . The container consisting of e-waste crushed samples in the microwave furnace was kept on an alumina platform as shown in Figure 2 . The e-waste sample was heated for 45 min with time intervals. The product so obtained was in the form of a mixture containing metal and non-metal (more of ash), of which the metallic part could be separated easily.
The separated metallic sample obtained from microwave furnace was first cooled and then subjected to acid leaching studies with concentrated hydrochloric acid (HCl). The amount of concentrated HCl required to solubilize metal values was calculated on the basis of stoichiometric calculations (i.e. 10 ml of 1.6% acid solution of approximately 3.5% grade of HCl acid was required for 10 g of metallic powder sample of size less than 150-175 μm) of the metal values present in a typical size fraction. All leaching experiments were carried out with lab grade chemicals using 100 ml of lixiviant at room temperature. The mechanical stirrer with a speed of around 600 rpm was used for mixing. During leaching, hydrogen peroxide (H 2 O 2 ) was used as an oxidizing agent.
The unreacted sample after cementation process and other components of e-waste such as metallic pogo pins, integrated chip, transistors and diodes, etc. undergo further leaching process with aqua regia solution. The aqua regia solution was obtained with a mixture of HCl and nitric acid (HNO 3 ) in the ratio of 3 : 1 for 2 h. But it was observed that the samples easily dissolved only in the ratio of 3.75 : 1.25 optimized aqua regia solutions (also 3 : 1 ratio). These reactions release huge bubbles followed by sublimation of nitrogen dioxide (NO 2 ) gas in the form of brown colour. The solution so obtained was poured into another container and the sample pieces were subsequently washed with small amount (say 10 ml) of concentrated HCl. This process ensured that all the precise elements came along with the solution. A small amount (5 ml) of sulphuric acid was further added to remove the excess HNO 3 from solution and to accelerate the reactions. The estimated time to remove the HNO 3 from the solution was approximately 1 h. At this time, the colour of the solution after addition of sulphuric acid changed to pale yellow and the pH of the solution varied from 4.8 to 4.95. While carrying out investigations, all precautions like wearing of face masks, safety glasses and industrial gloves should be taken to avoid any irritation or burning from the chemicals and concentrated acids. All safety measures and precautions were taken for the fumes from the burning acids that reacted with ewaste metal samples, to avoid hurting the eyes or nausea due to inhalation. During the entire experiment, pyrex glassware was also used as these containers withstand extreme heat. Plastic containers were not used as the acid can burn and damage the container.
The pale yellow mixture so obtained after optimized aqua leaching process, was stirred with a glass rod continuously until the contents became fluid. It is assumed that precise elements like gold require stronger chemicals to dissolve. Hence the aqua regia leaching process is assumed to melt all the plastic and metal parts of the circuit board without harming the gold bits. After stirring, the mixture was filtered to drain out the aqua regia solution. Upon filtering the mixture of solid parts (assumed to be gold samples) was separated from the liquid.
The mixture of solid parts, assumed to be the gold mixture was further treated for precipitation. A solution of 10 ml butyl stearate was mixed with the mixture of solid parts obtained after filtration. This solution was further mixed with 150 g of sodium sulphite and 1000 ml of water. The solution was continuously stirred for 5 min and it was observed that the temperature rose sharply to about 80°C. It was further observed that the gold powder rapidly precipitated from the solution. This solution was then filtered and fine gold powder was collected as the filter cake. The collected gold powder was first washed thoroughly with acetone and then with water. The gold powder sample was then dried by heating in a microwave furnace at 1 kW for 20 min. Figure 3 shows the detailed flowsheet of the entire investigation for extraction of gold from e-waste sample.
The morphological features of e-waste samples were studied after leaching and aqua regia process using field emission scanning electron microscope (FESEM). Careful investigations of e-waste sample with FESEMenergy dispersive X-ray spectroscopy (EDX) analysis along with transmission electron microscope (TEM)/ scanning electron microscope (SEM) analysis were carried out. The TEM/SEM equipment, Hitachi S-3300N has very high precision resolution of 0.10 nm at 300 kV. Its magnification varied from 200-500× to 2000-1500000×, with AC voltage varying from 100 to 300 kV.
PANalytical X-PERT automated X-ray powder diffractometer (XRD) with Mo-Kα radiation (λ = 0.709 Ǻ) from 8° to 70° scanning angle at a scanning rate of 0.04°/sec was used for phase analysis to know the exact minerals and metals. The sample was first made in a powder form and was then kept in a sample holder for the XRD device, and the X-ray data collected at room temperature. The powder diffraction data were collected on a PHILIPS The investigations with the FESEM studies, FESEM/ EDX analysis along with TEM/EDX analysis as well as XRD studies were analysed after the treatment of e-waste samples. These studies are required for physical and chemical characterization of precious metal samples up to nano-particle wise level, obtained after e-waste treatment. Also similar investigations were performed several times to get the same results. Around 20 kg of ground e-waste sample was subjected to microwave heating in a microwave furnace. The arrangement and schematic sketch are shown in Figures 1  and 2 . After microwave heating, approximately 3 kg of metallic product was obtained and the rest was in the form of ash. The typical composition of the metallic product obtained was Cu: 55.7%, Fe: 11.64%, Al: 9.98%, Pb: 0.19%, Ni: 0.98%, Au: 0.05% and Ag: 0.05%. The typical flue gas composition was CO: 90 mg/m 3 , NO x : 240 mg/m 3 , SO 2 : 185 mg/m 3 , dioxins and furans: <0.1 ng/ TEQ m 3 , HCl and other acidic components: 80 mg/m 3 . After passing through the scrubber and bag filter, the gas had the following composition, CO: 50 mg/m 3 , NO x : 15 mg/m 3 , SO 2 : 35 mg/m 3 , dioxins and furans: <0.1 ng/ TEQ m 3 , HCl and other acidic components: 6 mg/m 3 . It was observed that only 275 g of metallic product was obtained. The specific power consumption was observed as 1.58 kWh for 20 kg of e-waste processed.
The metallic portion was ground to different particle sizes such as <150 μm, 150-200 μm, 250-500 μm and >500 μm. Leaching studies were carried out using the ground material. Very poor leaching was observed for copper with HCl. This is because Cu is only leached in an oxidative environment. Since HCL is a non-oxidizing acid, it is not able to solubilize copper without an external oxidizing agent. Due to this reason, hydrogen peroxide was used. The typical composition (all in g/l) of the leach liquor is Cu: 23.85, Fe: 1.33, Al: 0.57, Co: 0.17, Ni: 0.15. Thus it can be concluded that the leach liquor contained around 90% Cu. For cementation studies, iron powder was used at a stoichiometric ratio of 1 : 1. The cementation kinetics was very fast and equilibrium was achieved in 10 min and the efficiency was around 90%. Cu powder obtained contained 80-85% of copper. Microstructural characterization/morphology of the metallic portion obtained after microwave heat treatment was carried out. The XRD result as shown in Figure 4 was analysed for those materials, which easily underwent the leaching process. The remaining unreacted materials were then treated with the aqua regia leaching process followed by filtration, precipitation and a purification process. A fine gold powder was collected as a small filter cake. The gold powder was washed thoroughly with acetone and then with water. The gold powder sample was dried by microwave heating to remove all moisture from the surface of gold samples; the remaining water diffused from the surface quickly in less time.
Copper and iron were recovered after leaching of reacted materials. This data is clearly seen from XRD analysis (Figure 4 ).
Since most of the copper did not form any alloy with other elements, it could be leached easily. Also since the iron (Fe) and aluminium (Al) formed alloys with each other and with Si, they showed poor leaching efficiencies. Figure 5 shows the XRD of the copper sponge obtained from the leach liquor after cementation process, which showed copper as the major peak.
The gold mixture was obtained after the aqua leaching of unreacted materials. The XRD analysis of gold sample is shown in Figure 6 after passing through precipitation, purifying and washing the gold mixture. The mineral phase of gold sample is shown in Table 1 . The FESEM-EDAX analysis in Figure 7 shows the presence of gold sample and also confirms the presence of silver after the process of aqua regia leached un-reacted material. The results from TEM/EDX analysis as shown in Figure 8 , also confirm the presence of gold and silver.
All the calculations carried out based on batch scale investigation are shown in Figure 9 . The expenditure (as calculated in Indian currency, i.e. Rs) will further come down drastically, when work is done on a continuous scale. HCl cost has been taken as Rs 50/litre and hydrogen peroxide cost as Rs 200/kg. Thus, it is seen that good results are obtained with the judicious combination of microwave heating and acid leaching process for recovering gold and other precious metals. The entire study was performed several times for similar results. The study shows that the results after ewaste treatment are not only obtained in lesser time but also with lesser power consumption. The results so obtained are also economical and show good physical as well as chemical characteristics. More importantly, the process is an eco-friendly as well as a clean process.
The following conclusions are drawn for the present treatment of e-waste using microwave heating followed by acid leaching.
• The hazardous ground e-waste material was heated in a microwave furnace to recover the useful metals. It is observed that microwave heating process shows good efficiency of metal recovery in solid form.
• It is also observed that microwave heating treatment generates less waste compared to conventional treatments of e-waste.
• Leaching of the metal obtained from microwave heat treatment was subjected to leaching by hydrochloric acid in stoichiometric ratio. However, it is observed that with aqua regia leaching for un-reacted materials and dismantled electronics parts, precise metals like gold and *For correspondence. (e-mail: meysamnajafi2016@yahoo.com) silver are obtained in small amounts in lab scale experiments.
• The XRD and FESEM-EDAX studies of the metallic product in the present investigation confirm the presence of gold and silver after aqua leaching of e-waste sample.
• TEM-EDX study analysis shows that leached residue also confirms the presence of gold (Au) and silver (Ag).
• The expenditure for the present study was calculated for 1 kg of e-waste sample. It shows that the total value of gain product gives a gain amount Rs 381 (in Indian currency Rupees) with an expenditure of Rs 105 for performing such small experiments. However, the expenditure as well as consumption of such an experiment will certainly come down in a continuous large scale operation, which makes the process more economical. Moreover, air instead of H 2 O 2 as an oxidizing agent; will also cut down the cost further.
• The entire investigation shows that microwave heat treatment is not only a clean process but also an ecofriendly process for obtaining valuable precious metals like gold and silver metals from e-waste.
